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Observation of a dynamic crossover in water confined in double-wall carbon nanotubes
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High-resolution quasielastic neutron scattering spectroscopy was used to measure H,O hydrated double-wall
carbon nanotubes (DWNT). The measurements were made at a series of temperatures from 250 K down to
150 K. The relaxing-cage model was used to analyze the quasielastic spectra. We observed clear evidence of
a fragile-to-strong dynamic crossover (FSC) at 7;=190 K in the confined water. We further show that the
mean-square atomic displacement of the hydrogen atoms in water exhibits a sharp change in slope at approxi-
mately the same temperature 190 K. Comparing the result with that obtained from the confined water in
hydrophilic porous silica material MCM-41, we demonstrate experimentally that water confined in a hydro-
phobic substrate exhibits a lower dynamic crossover temperature by AT; =35 K.
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I. INTRODUCTION

Bulk water shows many anomalous behaviors, especially
in the supercooled temperature range (below 0 °C): An
anomalous increase of thermodynamic response functions
and an apparent divergent behavior of transport coefficients
toward a singular temperature 7,=228 K [1]. To explain
these anomalies it was proposed that supercooled water at
ambient pressure consists of a mixture of a high (HDL) and
a low (LDL) density water. At sufficiently low temperatures
and higher pressures there is a first order phase transition line
in the P-T plane separating the HDL from the LDL, the end
point of which is the second (liquid-liquid) critical point of
water (conjectured to be around T =220K and P
=~ 1000 bar [2]). With an increasing supercooling the struc-
tural relaxation time of water shows a steeper temperature
dependence compared to that of the Arrhenius law. This be-
havior is known as a characteristics of a fragile liquid. It is
known that many glass forming liquids exhibit the fragile
behavior at moderately supercooled temperatures and then at
sufficiently low temperature make a transition to a strong
(Arrhenius) liquid. Water is supposed to have a glass transi-
tion temperature at 7,=165 K [3]. Unfortunately for bulk
water, the observation of the fragile to strong dynamic tran-
sition, as well as the experimental study of the water behav-
ior around the second critical point are impossible due to
intervention of the homogeneous nucleation phenomenon. It
starts at Ty=235 K, resulting in crystallization to form a
hexagonal ice before it reaches the supercooled range of in-
terest. It was predicted [4] that water should also show the
transition to a strong liquid in this inaccessible temperature
range, around 7;=228 K.

Many theoretical simulations and experimental studies
showed that the nucleation of water in nanometer size con-
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finement can be strongly suppressed down to about 7\, thus
opening an opportunity to study water behavior in this “no
man’s land” range. A series of quasielastic neutron scattering
(QENS) experiments were performed recently on water in
porous Vycor glass [5] and MCM-41-S materials, both hav-
ing hydrophilic surfaces, with well calibrated pore size (50 A
in the case of Vycor glass and 10 to 18 A in the case of
MCM-41-S), where the freezing process of water was
strongly inhibited down to 160 K [6-8]. It was clearly
shown that water in these confinements exhibits a dynamic
crossover from fragile to strong liquids at 7; =225 K [8].
Recently, a series of neutron diffraction and NMR relaxation
measurements on water/ice at a silica surface also demon-
strate some kind of transition occurring at around 220 K [9].
MD simulations predict [10,11] that the porous materials
with hydrophobic surface can further reduce 7; compared to
water in hydrophilic confinement. One of these materials can
be carbon nanotubes (CN).

Carbon nanotubes of nanometer diameter and micrometer
length, besides many other interesting properties, can serve
as a quasi-one-dimensional confinement for other materials.
Due to hydrophobic interaction of water with carbon atoms
CN can play a very important role in studying the properties
of confined water. Owing to very weak van der Waals type
interaction of water molecules with carbon [12] compared to
a hydrogen bond interaction between water molecules, water
confined in small diameter CN can be considered as quasi-
one-dimensional water cluster.

Many MD simulations [13-24] and recently a few experi-
mental studies [18,25-29] were dedicated to understand the
structure and dynamics of water in single wall carbon nano-
tubes (SWNT). The behavior of water in small diameter
SWNT cannot be continuously scaled by nanotube diameter.
Water cannot enter SWNT at all for nanotubes of diameter
smaller than 8 A. Water in (6,6) SWNT (~8 A diameter) can
enter the nanotube as a small file (or chain) of water mol-
ecules and fast transfer through the nanotubes, as was shown
by MD simulations [13]. Neutron scattering study of water in
(10,10) SWNT (~14 A diameter) revealed an anomalously
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soft dynamics [18]. MD simulations [18,19] proposed the
structure of the nanotube water at low temperatures as a
square-ice sheet wrapped into a cylinder inside the SWNT
and the interior water molecules in a chainlike configuration.
A drastic decrease in hydrogen-bond connectivity of the cen-
tral water-chain (<2) gives rise to anomalously enhanced
thermal motions of water protons. For (9,9) SWNT with
smaller diameter (~12 A) there should be only the cylinder
of water molecules inside nanotube [19], while for (12,12)
SWNT of larger diameter (~16 A) water at low tempera-
tures assembles two interconnected cylinders (one into an-
other) with continuous hydrogen bonded structure [20,21].
Thus water in nanotubes of 16 A and larger diameter exhib-
its more uniform structure.

Recent QENS experiments on water in SWNT of 14 A
diameter and in double wall carbon nanotubes (DWNT) of
16 A inner diameter showed a fragile to strong liquid transi-
tion for water in SWNT at 7;=218 K, while only fragile
behavior for water in DWNT in the temperature range stud-
ied down to 190 K [25]. In the present study, we extend
QENS measurements on water in DWNT of 16 A inner di-
ameter to lower temperatures and show that water in this
confinement exhibits the fragile to strong dynamic crossover
at even lower temperature, 190 K.

II. SAMPLE PREPARATION AND QENS EXPERIMENT

The DWNT material was synthesized by the chemical va-
por deposition technique. The subsequent purification with
hydrochloric acid was followed by the oxidation of nontube
carbon components in air at 300—600 °C. These preparation
and purification steps produced micrometer-long nanotubes
of a high purity, that is, with low metal catalyst content and
low nontube carbon content. The nanotube ends were opened
by exposing the purified material to air at 420 °C for about
30 min. The samples were characterized by transmission
electron microscopy (TEM) and small-angle neutron diffrac-
tion. The (0,1) reflection of the two-dimensional hexagonal
lattice of the bundle was evident in the diffraction data. The
mean inner and outer diameters of the DWNT were 16+3
and 23+3 A, respectively. The water absorption was con-
trolled by the following procedure: A mixture of deionized
water and the DWNT was equilibrated for 2 h in an enclosed
volume at 110 °C; excess water was then evaporated at
35 °C until reaching the targeted water mass fraction. In the
present work 3.2 g of DWNT sample was loaded with
12 wt. % of water. Hydrated nanotubes were placed in
vacuum sealed thin annular aluminum sample holder chosen
to ensure greater than 90% neutron beam transmission
through the samples in order to minimize the effects due to
multiple scattering. The sample was mounted onto the cold
stage of a closed-cycle refrigerator, with the temperature be-
ing controlled within £0.1 K. QENS experiments were per-
formed using the high flux backscattering spectrometer [30]
(HFBS) at the National Institute of Standards and Technol-
ogy. The instrument was operated with a dynamic range of
+11 peV, providing an energy resolution of 0.8 ueV, full
width at half maximum. The measurements were performed
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between 150 and 250 K in 10 K steps and at 5 K. The spec-
tra obtained at 5 K were used as the resolution functions.

III. RELAXING CAGE MODEL ANALYSIS

The QENS measurement essentially gives the self-
dynamic structure factor Sy(Q, w) of the hydrogen atom in a
typical water molecule convolved with the energy resolution
function of the instrument. The S;(Q,w) is a Fourier trans-
form of the intermediate scattering function (ISF) F(Q,1) of
the hydrogen atom of the water molecule confined in the
DWNT. The Q-independent average translational relaxation
time () is obtained from the QENS data by fitting them
with the relaxing cage model (RCM) [31]. The RCM de-
scribes the translational dynamics of a typical water mol-
ecule at supercooled temperature in terms of the product of
two functions:

Fy(Q.1) = F5(Q,texp[— (t/7(Q))"], (1)

7(Q) = 7,(0.50)77, (2)

where the first factor, F5(Q,1), represents the short-time vi-
brational dynamics of the water molecule in the cage of its
neighbors. This short time intermediate scattering function is
calculated in the Gaussian approximation using the known
form of the density of states of the hydrogen atom in water
[31]. This function is fairly insensitive to temperature varia-
tion, and thus can be calculated from an MD simulation. The
second factor, the a-relaxation term, contains the stretch ex-
ponent 3, and the Q-dependent translational relaxation time
77(Q), which is a strong function of temperature. The latter
quantity is further specified by two phenomenological pa-
rameters 7, and vy, the prefactor and the exponent controlling
the power-law Q dependence of 7,{(Q), respectively. The av-
erage translational relaxation time, which is a Q-independent
quantity we use in this paper, is defined as (7p)
=7,['(1/B)/ B, where I'(x) is the gamma function. The tem-
perature dependence of the translational relaxation time is
calculated from three fitted parameters, 7, 3, and v, by ana-
lyzing a group of quasielastic peaks at different Q values
simultaneously. For this analysis, we chose seven spectra
from data taken at HFBS at each temperature, as described in
detail in Ref. [32].

IV. RESULTS AND DISCUSSIONS

Figure 1 shows qualitatively that there is some kind of
crossover temperature at around 190 K visible from the in-
spection of temperature variation of the quasielastic peak
height and width. However, a much sharper definition of this
dynamic crossover temperature 7; can be obtained from the
RCM analysis of the normalized quasielastic peak.

Figure 2 illustrates the degree of agreement of RCM with
the measured QENS data. The comparison was made of the
data taken from temperatures just above and below the cross-
over temperature 7.
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Figure 3 compares the log (7;) vs 1/T plots of water
confined in two different materials, DWNT and MCM-41. In
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FIG. 1. (Color online) Mea-
sured QENS spectra at various
temperatures 7. (A) Normalized
QENS spectra at 0=0.75 A~ (B)
Wings of the peaks, from which
we extract the average relaxation
time (77) by fitting with RCM. (C)
T dependence of the peak heights,
which is related to the MSD of the
H atoms of the confined water
through the Debye-Waller factor.
Both peak widths and peak
heights indicate qualitatively the
existence of a crossover tempera-
ture 7; for the confined water.

—T,)], where D is a dimensionless parameter providing the
measure of fragility and 7 is the ideal glass transition tem-
perature. Below 190 K, the (77 switches over to an Arrhen-
ius behavior, which is (77)= 7, exp(E4/RT), where E,, is the

FIG. 2. (Color online) RCM analyses of
QENS experimental data. We show the result in
three different temperatures: 7=200 K [above T},
(A1) and (A2)]; T=190 K [at T, (B1) and (B2)];
and T=180 K [below T;, (C1) and (C2)]. The
panels on the left-hand side show the fitted curves
(solid lines) of the full peak. The panels on the
right-hand side show the comparison of the fitted
curves (solid lines) with the data on the wing of
the peak together with the resolution functions
(dash lines). We can see the broadening of the
quasielastic wings become smaller when tem-
perature decreases.
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activation energy for the relaxation process and R is the gas
constant. This dynamic crossover from the super-Arrhenius
(the VFT law) to the Arrhenius behaviors is cusplike and
thus it sharply defines the crossover temperature to be 77
=190 K, much more accurately than that indicated by tem-
perature variation of the peak heights and peak widths,
shown in Fig. 1. In (B1) and (B2) we show the same analy-
ses of water confined in MCM-41 with two different pore
sizes previously published for comparison [5]. Note that the
crossover temperature in the case of MCM-41 is 224+2 K.

Figure 4 shows the mean-squared atomic displacement
(MSD) of the confined water molecule, (xﬁz()), in the obser-
vational time interval of about 2 ns (corresponding to the
energy resolution of 0.8 ueV). One can detect a dynamic
crossover phenomenon in terms of the sudden change of the
slope at around 190 K, in agreement with the Arrhenius plot
of the relaxation time in Fig. 3(a). Note, however, that MSD

vs T plot cannot define a sharp crossover temperature as the
relaxation time plot.

V. CONCLUSIONS

As one can observe from Fig. 3, the crossover tempera-
ture for water confined in a hydrophilic substrate (MCM-41)
is higher than that confined in a hydrophobic substrate
(DWNT) by about 35 K. Previously we detect the crossover
temperatures in hydrated DNA to be 222 K [33], vs in the
case of protein lysozyme to be 220 K [32], showing that
DNA has more hydrophilic interface presumably due to the
presence of the phosphate groups. Thus it can be conjecture
that the magnitude of the crossover temperature 7; can be
used as an indicator of the hydrophilisity of the substrate. A
good test of this idea may be to measure the crossover tem-
peratures of protein hydration water with proteins of differ-
ent hydrophilic and hydrophobic interfacial exposure.
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] FIG. 4. (Color online) Mean-squared atomic
. displacement (MSD) averaged over all the hydro-
. gen atoms, {x2), extracted from the Debye-Waller
1 factor measured by an elastic scan with resolution
of 0.8 ueV, as a function of temperature for the
H,0 confined in DWNT. One can clearly see a
sharp transition of slope at around 190 K, indi-
cating the approximate location of the dynamic
crossover temperature.
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